ABSTRACT: Climatologies derived from satellite data (1998 to 2007) were used to elucidate seasonal and latitudinal patterns in winds, sea surface temperature (SST), and chlorophyll concentrations (chl) over the Oregon shelf. These were further used to reveal oceanographic conditions normally associated with harmful algal blooms (HABs) and toxic shellfish events along the Oregon coast. South of 43°N, around Cape Blanco, summer upwelling started earlier and finished later than north of 43°N. Spring blooms occur when light limitation is relieved, before the initiation of upwelling, and secondary, more intense blooms occur approximately 2 wk after upwelling is established. North of 45°N, SST and chl are heavily influenced by the Columbia River plume, which delays upwelling-driven cooling of the surface coastal ocean in spring, and causes phytoplankton blooms (as indicated by increased chl) earlier than expected. The presence of saxitoxin in coastal shellfish, which causes paralytic shellfish poisoning, was generally associated with late summer upwelling. The presence of domoic acid in shellfish, which leads to amnesic shellfish poisoning, was greatest during the transition between upwelling and downwelling regimes. This work demonstrates that satellite data can indicate physical situations when HABs are more likely to occur, thus providing a management tool useful in predicting or monitoring HABs. 
INTRODUCTION
The west coast of the USA, including Oregon, has experienced a marked increase in algal blooms, harmful and benign, over the last 10 to 15 yr (Anderson et al. 2008 , Kahru & Mitchell 2008 , Kahru et al. 2009 ). The frequency, persistence, toxicity, and geographical extent of harmful algal blooms (HABs) are increasing worldwide (Landsberg 2002) . Possible explanations range from natural mechanisms of species dispersal to a host of human-related phenomena, such as nutrient enrichment (Parsons & Dortch 2002 , Glibert et al. 2005 ), climatic shifts, or transport of algal species via ship ballast (Smayda 2007) .
Blooms of species belonging to the diatom genus Pseudo-nitzschia Peragallo, which contains many producers of the toxin domoic acid, have been repeatedly documented along the Pacific coast of the USA (Fryxell et al. 1997 , Horner et al. 1997 . Horner et al. (1997) summarized the known history of domoic acid in coastal waters off the west coast of the USA. In Oregon and Washington, domoic acid was first detected in 1991, following seabird deaths in California, which led to the closing of shellfish and crab fisheries in November of that year (Wood et al. 1993 ). Phycotoxins such as domoic acid can enter the food chain through consumption of toxic algae by, for example, zooplankton and filter-feeding organisms such as mussels. In 1998, California sea lions were killed by domoic acid poisoning (Scholin et al. 2000) , and high levels of domoic acid were subsequently found in Washington razor clams (Adams et al. 2000) . In recent years, particularly 2003, 2004, and 2005 , domoic acid contamination has resulted in spatially large and prolonged closures of Oregon razor clam and mussel beds to harvesting, with financial costs estimated at US $4.8 million for the 2003 closure (Oregon Department of Fish and Wildlife [ODFW] unpubl. estimate).
Clamming is closed seasonally on the Clatsop Beaches (northern Oregon) between 15 July and 30 September; however, Oregon shellfish beds coastwide are also often closed due to clams or mussels accumulating saxitoxin (Scott 2007) , a neurotoxin that can cause paralysis and death in humans (Shumway 1990) . These closures are linked to the presence of toxic dinoflagellates in the water column, specifically Alexandrium catenella (Whedon & Kofold) Balech (Horner et al. 1997 , Horner 2001 . Domoic acid and saxitoxin cause amnesic shellfish poisoning (ASP) and paralytic shellfish poisoning (PSP) in humans, respectively.
Oregon coastal waters are part of the California Current system, with mostly wind driven dynamics over the continental shelf (for a comprehensive review, see Barth & Wheeler 2005 and papers in the associated special volume). In winter, westerly and southwesterly winds and storms drive downwelling and mixing over the shelf, whereas in summer, southward winds drive upwelling via Ekman transport (Huyer et al. 1979) . The spring transition between winter downwelling conditions and summer upwelling is associated with an increase in chlorophyll (chl) concentrations (Thomas & Strub 1989 , Thomas et al. 1994 , Henson & Thomas 2007 , which lasts through the upwelling season. Spatial and temporal resolution of seasonal cycles along the Oregon coast has generally been lacking in previous work. This study makes use of multi-year climatologies of satellite-derived parameters to determine latitudinal variations in the initiation of upwelling/ downwelling favorable winds in spring/autumn, and associated sea surface temperature (SST) and chl signals.
To minimize the human health and economic impacts of HABs in Oregon and elsewhere, monitoring programs that can provide accurate information to coastal managers are essential. These monitoring programs will be most effective and efficient if they are informed by science regarding the locations of HABs and the timing of their onset and demise in relation to environmental cues and non-toxic algal blooms. The impetus for the research presented here was to develop a tool capable of warning coastal managers of potential toxic events in shellfish through the use of satellites. The analysis presented here compares mean seasonal cycles of upwelling and chl to counts of toxic algae and the concentrations of toxins in shellfish, to relate HABs to general oceanographic conditions along the Oregon coast. The genera Pseudo-nitzschia and Alexandrium Halim have no optically unique identifiers for use with current satellites. Therefore, satellite color, or chl, data alone are unlikely to identify HABs. However, when combined with knowledge of the location and timing of HAB events in relation to other events such as upwelling, satellite imagery could provide some early warning to coastal managers that conditions are favorable to HAB development.
The data presented here identify a latitudinal gradient in the onset and intensity of upwelling along the Oregon coast. The timing of upwelling initiation and termination was analyzed in relation to the occurrence of potentially toxic species and toxins in coastal water samples, providing a framework of environmental data within which to interpret HAB data. Regions and time periods of frequent toxin occurrence are identified, and opportunities for future research and monitoring programs are discussed.
MATERIALS AND METHODS
Study region. The Oregon coast was divided into 5 regions, of 1°latitude and 0.5°longitude. The regions were chosen to provide insight into timing of HABs and occurrences of toxic shellfish along the coast, in the context of seasonal cycles in ocean physics and biology. The 5 regions facilitate relevant interpretation of results for coastal management, but were not of sufficiently small scale to investigate specific toxin events. From north to south, these regions were named A, B, C, D, and E (Fig. 1, Table 1 ). Five oceanic regions, with 1°latitude ranges corresponding to the coastal regions and a width of 1°longitude (128.5 to 127.5°W), were also designated. These offshore data were compared to the coastal data to isolate variability in the coastal signal due to upwelling and large-scale seasonality.
Satellite analyses. Level 3 Advanced Very High Resolution Radiometer (AVHRR) SST, SeaWiFS chl a concentration, and QuikSCAT wind stress and direction were obtained from the National Oceanic and Atmospheric Administration (NOAA) CoastWatch West Coast Regional Node, for the years 1998 to 2007 (from 1999 for QuikSCAT). Data were supplied as a running average of 8 d means in an attempt to minimize loss of coverage due to clouds. SST data were available for 89% of days, chl for 92%, and wind for 86%. AVHRR and SeaWiFS pixel resolution was 0.0125°, and QuikSCAT resolution was 0.25°. The satellite data had a cloud mask applied. The data were spatially averaged to give a mean parameter value for each of the 5 coastal region boxes per day. For comparison of coastal and offshore dynamics, equivalent SST and chl means for the oceanic regions were obtained in the same manner as the coastal regions. A 'detrended' coastal SST (ΔSST) was obtained by subtracting each region's oceanic SST from the corresponding coastal SST, for each day of each year, removing the seasonal heating cycle from the coastal data. This analysis also provided a measure of upwelling impact within each Minimum and maximum yearly values for each parameter (e.g. SST min and SST max ) were calculated as the mean of the 10 lowest and highest values, respectively, for each year. QuikSCAT winds were separated into north-south and east -west vectors, and wind max and wind min were calculated for the north-south component (most relevant to upwelling). Bloom conditions were defined as chl concentrations 5% greater than the annual median concentration (Siegel et al. 2002 , Henson et al. 2006a ,b, Henson & Thomas 2007 . The start of bloom conditions was therefore the first day of the year that chl exceeded this value.
Upwelling indices. Mean daily upwelling indices for 3 latitudes (42°, 45°, and 48°N) along the coast were obtained for 1998 to 2007 from the NOAA Southwest Fisheries Science Center, Environmental Research Division (ERD, Live Access Server 2008, NOAA Southwest Fisheries Science Center: www.pfeg.noaa.gov/ products/las.html). Data were derived from synoptic (6 hourly) sea level pressure gridded fields by ERD, and are reported as a single climatology for all years.
In situ sampling. The Oregon Department of Agriculture (ODA), and the ODFW collect shellfish tissue and water samples, respectively, at sites along the Oregon coast, shown in Fig. 1 . For analysis, data from these in situ sources were grouped into the study region (A through E) from which they came.
ODA provided domoic acid and saxitoxin concentration data from intertidal shellfish. Samples were obtained from a variety of shellfish (mussels, razor clams, eastern thin-shelled clams, cockles, and oysters), depending on presence and accessibility, between 1979 and 2007 and between 1994 and 2007 for saxitoxin and domoic acid, respectively. Site locations and frequency of sampling varied throughout the time series, based on the specific needs and capabilities of ODA for the given sampling year, species, or site. Samples were separated into the 5 coastal regions. Saxitoxin concentrations were measured using the standard mouse bioassay method (AOAC 1990 (Fig. 1, Table 1 ), and increasing to 12 sites in 2008. The ODFW provides cell counts of Pseudonitzschia spp. and Alexandrium spp. These counts were obtained from whole water plankton samples taken throughout the year, generally every 2 wk, conditions permitting, and allowed to settle overnight. After a 10-fold reduction, the live samples were loaded into a Palmer-Maloney slide (a nanoplankton counting chamber of 0.1 ml) and allowed to settle for 5 min, and the entire chamber was counted at 20× magnification.
In addition to the ODFW sampling, surface water samples were collected weekly or biweekly from 2001 to 2005, weather dependent, at site NH5 (Fig. 1) on the Newport Hydrographic Line, and a sub-sample preserved in a solution of Lugol's Iodine. A 50 ml aliquot was examined under an inverted phase contrast microscope at a magnification of 20×. Cell counts of Alexandrium spp. and Pseudo-nitzschia spp. were taken. In this analysis, cells were sorted only to genus level.
From these 3 types of in situ sampling (shellfish toxicity, surf-zone net tows, and NH5 surface samples), monthly climatological values of toxicity and species cell concentrations were calculated, and the 95% confidence intervals of these values were calculated using bootstrapping (Efron & Gong 1983) .
Columbia River data. Columbia River discharge data were also acquired, because the river has been shown to influence the physical environment of the northern Oregon and southern Washington coast (Thomas & Weatherbee 2006) . River temperature data at Camas/ Washougal, Washington (45.58°N, 122.38°W) were obtained from the University of Washington's Columbia Basin Research, Columbia River Data Access in Real Time (DART 2008, www.cbr. washington.edu/dart/dart. html) for 1998 to 2007. River discharge data were obtained from the United States Geological Survey (USGS) National Water Information System (http:// waterdata.usgs.gov/nwis) for the same time period.
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Method disseminated at the 1992 Washington Sea Grant Program, Workshop on Momoic Acid, Seattle, WA Statistics. Data were tested for significant differences (for example, differences in SST between regions, or toxin concentrations between months) using analysis of variance (ANOVA), with an α of 0.05 (95% confidence level). Whenever data are stated as significantly different, ANOVA returned F > F crit and p < 0.05.
RESULTS
Spatial and temporal variability in SST describes the seasonal and latitudinal variability of the physical environment to which potentially harmful algal blooms are subjected. SST from the oceanic regions showed a seasonal trend at all study latitudes (Fig. 2a) . Minimum oceanic SST (SST min ) occurred in mid-March (~20 March) and decreased significantly to the north ( Table 2 ). The timing of the onset of spring warming was not significantly different between regions. In the summer, oceanic SST reached a maximum (SST max ) in all regions. The southern regions, C, D, and E, reached SST max on 24 August (± 4 d), and there was no significant difference in SST max between these regions (Table 2 ). SST max was significantly cooler for Regions A and B, and occurred on 31 August (± 4 d; 1 wk later than the southern regions). This oceanic SST represents the seasonal cycle of warming and cooling, without coastal processes such as upwelling.
SST in the coastal regions also displayed spring warming and autumnal cooling (Fig. 2b) ; however, the signal was not as well defined as in the corresponding oceanic regions. Summer warming was 'dampened' due to upwelling. The dampening of the signal was progressively stronger to the south, with the least seasonal variation apparent in Region E. Coastal summer SST max (Table 2 ) was warmer to the north. SST max values in Regions A and B were not significantly different, but SST max values were significantly cooler with each region to the south. In winter, in Regions C to A, coastal SST min (Table 2 ) significantly decreased northward. Coastal SST min of Regions C, D, and E were not significantly different.
In winter, ΔSST (Fig. 2c) was significantly different among all regions, becoming less negative to the south. In all regions, ΔSST increased slightly through the spring season, reaching a maximum (ΔSST max , Table 2 ) before cooling over summer. The onset of cooling was calculated as when there was a 5% decrease from 18.1 ± 0.13 8.7 ± 0.18 16.7 ± 0.13 9.2 ± 0.12 2.0 ± 0.12 -4.2 ± 0.12 27 May ± 23 C 18.4 ± 0.14 9.0 ± 0.14 15.5 ± 0.17 9.4 ± 0.14 1.8 ± 0.18 -5.9 ± 0.10 31 Mar ± 17 D 18.5 ± 0.12 9.4 ± 0.11 15.0 ± 0.19 9.5 ± 0.17 1.5 ± 0.10 -6.4 ± 0.12 31 Mar ± 23 E 18.4 ± 0.12 9.8 ± 0.12 14.0 ± 0.17 9.3 ± 0.13 1.1 ± 0.13 -6.9 ± 0.09 24 Feb ± 26
ΔSST max , after the maxima had occurred, for all years in each region. This date was not significantly different between Regions A and B (26-27 May), but was significantly earlier in Regions C and D (31 March), and E (24 February). In summer, ΔSST min (Table 2) decreased significantly southward with each region. A major driving force of the oceanographic physical environment along the Oregon coast is wind. Wind stress exhibited a seasonal cycle (Fig. 3) , with winds to the north (downwelling favorable) dominating during winter, and winds to the south (upwelling favorable) dominating during summer. There was no significant difference between adjoining regions in the magnitude of wind max (greatest northward wind stress, Table 3 ), although wind max slightly increased southward, resulting in a significant decrease in wind max between regions D and A. Wind max occurred around 4 January in all regions in all years.
Periods of southward, upwelling favorable winds were similar between all regions. The upwelling season was considered to have begun when winds were to the south for 10 out of 14 d (Henson & Thomas 2007 ). There was no significant difference in the timing of the first upwelling event (considered the start of the upwelling season) between regions (Table 3) , with 22 February as the mean start date. However, winds were more consistently and strongly southward in Region E than other regions during the first few months of the upwelling season. This is reflected in the climatology becoming consistently upwelling favorable significantly earlier in Region E than in the other regions (Fig. 3) . With the exception of Regions B and C, all regions exhibited significantly different wind min (greatest southward wind stress, Table 3 ), with Region E in particular showing much stronger winds to the south in summer. Wind min was centered around 19 July in all regions. The upwelling season was considered to have finished when winds were to the north, i.e. downwelling favorable, for 10 out of 14 d. There was no significant difference in the timing of the end of upwelling between Regions A through D (10 November, Table 3 ). Region E switched to downwelling significantly later in the year than other regions, on 7 December.
Negative upwelling indices, indicating downwelling, occurred during winter (November to February) at all 3 latitudes (Fig. 4) . Summer upwelling, indicated by a positive upwelling index, started progressively later to the north (Table 4) : 5 March at 42°N, 12 March at 45°N, and 4 April at 48°N. Upwelling ended progressively later to the south: 9 November, 18 October, and 15 October, respectively. The maximum strength of upwelling was significantly weaker in the north (upwelling max , Table 4 ) and remained weaker throughout the upwelling season. These results are broadly consistent with the corresponding analysis of the wind data. Columbia River discharge was highest in May and June, and lowest during September (Fig. 5) . A seasonal cycle was apparent in the temperature data, with temperatures lowest in winter (January/February) and highest in summer (July/August). Chl concentration is a proxy for phytoplankton concentrations. As mentioned previously, neither of the 2 main toxin-producing genera occurring off the Oregon coast, Pseudo-nitzschia and Alexandrium, has unique optical signatures that can be utilized by satellite, and they are often not the dominant species found in bloom assemblages. However, satellite chl observations include a contribution from toxic algal species when they are present. In this study, satellite chl provides a context within which to compare toxin concentrations and cell counts of harmful genera.
In the oceanic regions, chl was lowest in summer and highest in winter (Fig. 6a) , as was also reported by Thomas et al. (1994) . There was no significant difference between regions throughout the year, with the exception of Region D, which had significantly higher oceanic chl min (Table 5 ). The timing of spring and autumnal changes in oceanic chl did not vary among regions.
In the coastal regions, chl was generally highest in summer and lowest in winter (Fig. 6b) . Chl max significantly decreased to the south over Regions A to E (Table 5) , with the exception of Region B, which had the lowest chl max values. Chl min ( The onset of bloom conditions occurred between mid-March and early April (Table 5 ). There was no significant difference in the mean start date of the bloom between Regions A and B (6 March), and between Regions C and D (31 March). The mean start date of the bloom in Region E was 14 January. After these initial increases, chl returned to winter values before a secondary bloom associated with the onset of upwelling. The timing sequence of the upwelling bloom mirrored the first bloom (Table 5) ). Therefore, subtraction of oceanic values from coastal chl to obtain a 'detrended' Δchl, as we did for SST, was not considered useful. Bloom initiation dates and magnitudes were not affected by 'detrending.'
The cell counts obtained from water samples at NH5 provide a connection between chl and toxins in shellfish at the coast. At NH5, situated 5 nautical miles from the coast within Region C, 5 yr of data were used to create climatologies of the potentially toxic genera Pseudo-nitzschia and Alexandrium. Typically neither of the genera was dominant within a sample, instead making up only part of the diverse community. However, Alexandrium spp. Pseudo-nitzschia spp. were found throughout the year; however, mean cell concentrations were elevated between May and August (with a significant peak in June), with a second significant increase of cell densities in October (Fig. 7a) . During any of these bloom periods, cell densities could reach densities above 'concern' levels of >10 000 cells l -1 , as defined by Howard et al. (2007) .
At the coast, ODFW plankton sampling revealed regional differences in abundances of Pseudonitzschia spp. (Fig. 8) . In Regions A, C, and D (B was unfortunately not sampled) Pseudo-nitzschia spp. cell densities were consistently highest in May. In Region A, a significant increase in May, and subsequent decrease in June, was followed by a lesser increase in July. This secondary increase occurred progressively later in Regions C (August) and D (September). In these 3 more northern regions, cell densities only exceeded 'concern' levels in May through August, although the time series is short (2005 to 2007). In the Fig. 1 ). Thick black line shows the mean cell densities of each month, calculated over all years; thin black lines indicate the 95% confidence intervals on the mean, calculated for each month over all years using bootstrapping. Dashed line marks the 'concern' level of 10 000 cells l -1 (Howard et al. 2007 ). Note differing cell count axis scales southernmost Region, E, Pseudo-nitzschia spp. cell densities remained low until July, with increased concentrations lasting into November.
Off the coast, at NH5, Alexandrium spp. are also found throughout the year, although at very low densities in November through to February. Mean cell densities increased in August, with maximum observed concentrations over an order of magnitude higher than those observed in all other months (Fig. 7b) . However, Alexandrium spp. were found only twice out of 298 samples in the ODFW coastal sampling: 2000 cells l Both domoic acid and saxitoxin concentrations showed temporal and spatial variations in the ODA shellfish samples. Domoic acid could be found in shellfish throughout the year in all regions, though not in every year. Region A showed a highly significant peak in domoic acid concentrations in October (Fig. 9 ) and low toxin concentrations between May and August. Mean toxin concentrations were generally higher in this region, except for May to August. These increased mean concentrations were reflected in more shellfish harvesting closures in Region A compared to other regions. Mean domoic acid concentrations were highest in May in Regions B, C, D, and E (Fig. 9) , with highest peak concentrations in May and June. For the rest of the year, increased domoic acid concentrations occurred in Regions C (September-October), D (September-November), and E (February and October). There were small peaks in the frequency of shellfish bed closures associated with the periods of increased mean domoic acid concentrations.
Saxitoxin was found throughout the year in all regions (Fig. 10) , though only in region A were discrete sample concentrations exceeding closure levels found in all months (data not shown). In Regions B, C, and E, a significant peak in concentrations was observed later in the year (September/October, September, and August, respectively). . Note differing toxin concentration axis scales
DISCUSSION

Physical oceanography
Coastal Oregon physical and biological oceanographic variability is dominated by seasonally alternating upwelling and downwelling, driven by alongshore winds (Huyer et al. 1979 , Thomas & Strub 1989 , Thomas et al. 1994 , Henson & Thomas 2007 . As such, a clear understanding of temporal and spatial variability in upwelling timing and strength along the Oregon coast is important for understanding physical drivers of Oregon HAB events. The wind data presented here corroborate the work of Henson & Thomas (2007) , i.e. upwelling favorable winds occur after late February each year. A latitudinal gradient in winds and in the onset and intensity of upwelling has been noted for the California Current System (Strub et al. 1987a ,b, Largier et al. 1993 , Strub & James 2000 , Samelson et al. 2002 , but previous studies have not looked in detail at the Oregon coast and thus have potentially missed smaller-scale spatial patterns.
For Regions A through D, the calculated start date of upwelling was dependent on whether it was calculated from the wind climatology or from individual years, and then averaged. This was because in these 4 regions, wind direction was variable and not uniformly upwelling favorable during spring in individual years. The wind climatology therefore reflects when winds have become more consistently upwelling favorable in all years. There was no difference between the start of upwelling calculated from yearly dates and wind climatology in Region E. This was due to the more steady southward direction of the winds in this area throughout the spring and summer. There is a change in wind, and hence upwelling, climatology around Cape Blanco (42.84°N, between the coastal Regions D and E; Samelson et al. 2002 , Huyer et al. 2005 , Venegas et al. 2008 . North of Cape Blanco there was no significant difference in the timing of the upwelling season, but south of Cape Blanco upwelling favorable winds started significantly earlier and finished significantly later.
The strength of the upwelling index at 45°N was directly proportional to the strength of the north-south wind vector within Regions B and C (r 2 = 0.53 and 0.58, respectively, p < 0.05). The strength of upwelling in Regions A and D could not be compared to wind strength with the present data set due to the low spatial resolution of the upwelling index; however, the mean start date of upwelling as indicated by upwelling favorable winds within Regions A, B, C, and D and the 45°N upwelling index were not significantly different. It therefore appears that the single 45°N upwelling index is a good indicator of whether upwelling is occurring along the Oregon coast between the Oregon/Washington border and Cape Blanco. South of Cape Blanco, the mean start date of upwelling favorable winds in Region E was not significantly different from the beginning of upwelling according to the 42°N upwelling index, and throughout the year, the strength of the upwelling index was directly proportional to the strength of the north-south wind vector (r 2 = 0.61, p < 0.05).
While the upwelling index is useful for determining the timing of upwelling, the 3°latitude spacing provides poor information on the strength of upwelling at the latitudes between. The wind climatology suggests similar upwelling patterns in Regions B, C, and D, stronger upwelling over a longer period in Region E (as seen in the upwelling indices), and weaker upwelling, due to significantly lower wind speeds, in Region A. The coastal detrended SST provides a relative measure of upwelling strength, with larger negative values indicative of stronger upwelling. As expected, ΔSST was lower for a longer interval in Region E, compared to all other regions. North of Cape Blanco, however, Region B ΔSST was not significantly different from Region A, and was significantly weaker than Regions C and D, with which Region B shared similar wind climatology. Thomas & Weatherbee (2006) found that the plume of the Columbia River, which is warmer than the surrounding ocean waters in summer, extends southward in summer, in some cases including Region B as well as Region A. Thus, the southward extension of the river plume may be raising the SST of Regions A and B through the presence of the warmer river plume water, masking the extent of upwelling as quantified by ΔSST.
Chlorophyll phenology
Although the genera of the harmful algae found off the Oregon coast have no unique optical signatures, they do contribute to SeaWiFS chl data. The first of the 2 annual phytoplankton blooms observed in the satellite chl data in all regions occurred before upwelling lowered SST. Light supply to phytoplankton is a balance between mixed layer depth and irradiance. Light has been found to be limiting on the Oregon shelf at 45°N in January (Wetz et al. 2004) , and north of 46°N, light is limiting until mid-March (Henson & Thomas 2007) . At ~40°N, Thomas & Strub (1989) suggested that light would likewise be limiting until midMarch, while Henson & Thomas (2007) found that light levels were unlikely to be limiting to phytoplankton growth south of ~40°N. S. Henson (pers. comm.) Riley (1957) . The latitude at which light became limiting varied interannually betweeñ 40 and 45°N, and extended as far south as 37°N in 2003. The smaller, earlier bloom along the Oregon coast in March therefore appears to be a spring bloom, as seen in other temperate regions, occurring when light limitation in the surface mixed layer is relieved.
Although Regions A and B are farther north than Regions C and D, and therefore receive lower daily irradiance in March, their earlier spring bloom start date may be due to the effect of the Columbia River plume. The Columbia River outflow is high in March, and at the same time the plume begins to extend south and offshore rather than northward (Thomas & Weatherbee 2006) due to wind forcing. Thomas & Weatherbee (2006) found increased suspended particulate material (SPM) concentration in the Columbia River plume, compared to surrounding waters, which could result in over-estimation of chl values. However, the Columbia River may provide nutrients such as silicic acid (Haertel et al. 1969 , Aguilar-Islas & Bruland 2006 to the shelf waters, and also potentially creates a shallow, fresher surface mixed layer, therefore relieving surface mixed layer light limitation earlier, leading to earlier increases in primary production. The chl time series data show that the spring bloom declines after about 2 wk. This is due to nutrient depletion, as zooplankton biomass, and so grazing rates, are usually low during this time (Peterson & Keister 2003) .
Relationships to harmful algal blooms
SeaWiFS chl data are from the upper 10 m or less in coastal regions, and are not reliable within a few kilometers of the coast (these data are masked in NASA's processing). Consequently, ocean color measurements are possibly separated in the vertical and horizontal from surf zone cell densities and toxin concentrations, potentially limiting analysis. However, the purpose of this research was to investigate linkages between easily observed environmental parameters, such as SST and chl, and appearances of algal toxins at the coast. These comparisons are particularly useful in looking at larger scales (~100 km). Furthermore, the data from SeaWiFS, or similar products from other ocean color sensors such as the Moderate Resolution Imaging Spectrometer (MODIS Aqua), and in the future the Medium Resolution Imaging Spectrometer (MERIS), can be obtained cheaply from NASA and NOAA, cost being an important consideration in the viability of a long-term HAB monitoring scheme. Data from site NH5 provided a link between shore-based data and chl values away from the coast.
The March spring bloom increase in chl did not correspond to increased counts of Pseudo-nitzschia spp. at NH5 or the coast, or to increased occurrences of domoic acid in shellfish. Huyer et al. (2007) reported the dominance of the diatoms of the genera Thalassiosira Cleve, Actinoptychus Ehrenberg, and Asterionellopsis Round in the spring bloom at 45.6°N, off Oregon. Species of the genus Pseudo-nitzschia are not normally dominant, even when present in high numbers. Mean cell densities of the genus Alexandrium did not show a significant increase in March at NH5, and no significant increase in saxitoxin concentrations were seen at the coast. Thus, the spring bloom does not appear to be particularly associated with the presence of potentially toxic algal genera, at the Oregon coast, or 5 nautical miles offshore.
A second phytoplankton bloom begins in Regions C, D, and E in April/May each year. It is generated by upwelling, occurs about 2 wk after coastal SST begins cooling, and extends into the summer. The initial period of this second bloom was associated with increased Pseudo-nitzschia spp. cell densities offshore at NH5, reaching peak densities in June, with peak Alexandrium spp. cell densities in August, suggesting an ecological succession of HAB species through the period of elevated summer chl concentrations. This period also corresponded to increasing cell densities of Pseudo-nitzschia spp. in the coastal cell counts in Regions C and D, peaking in May, though present in low densities throughout the rest of the summer upwelling period. In Region D, warning levels of Pseudo-nitzschia spp. were only exceeded in May. May also corresponded to the maximum concentrations of domoic acid in shellfish in Regions C, D, and E. The bi-weekly sampling for cell counts, and the unevenness of the shellfish tissue sampling frequencies, did not allow for investigation into latitudinal gradients at less than monthly time scales, in comparison to the daily to weekly oceanic parameters sampled by satellite.
In Regions A and B, the second phytoplankton bloom started in April when winds were upwelling favorable, but before coastal SST cooled due to upwelling. During this time, coastal SST in Regions A and B was correlated closely with Columbia River temperatures, suggesting a surface layer of river plume water. In Region A, cell densities of Pseudo-nitzschia spp. began to increase in April, and were the highest of all sampled regions. Region A also had the greatest proportion of toxin samples over closure levels. Unfortunately, Region B was not sampled by the ODFW for cell counts. The smaller proportion of shellfish tissue toxin samples exceeding closure levels in Region B, in comparison to Region A, suggests that cell densities of Pseudo-nitzschia spp. may have been lower than in Region A, or cells were not as toxic.
During the majority of the upwelling season, instances of detectable domoic acid concentrations occurred in all regions but remained relatively low. In Region A, which contains Clatsop Beach where most of the Oregon recreational and commercial razor clam harvest is concentrated, shellfish samples were contaminated with domoic acid more often than other regions, but concentrations were lowest during the summer. Not all species of Pseudo-nitzschia worldwide produce domoic acid, and those that do -e.g. P. australis Frenguelli, P. multiseries (Hasle) Hasle, P. delicatissima (Cleve) Heiden, P. pseudodelicatissima (Hasle) Hasle, P. seriata (Cleve) Peragallo -are not consistently toxic. Toxin production has been associated with nutrient limitation (Pan et al. 1996a ,b, Maldonado et al. 2002 , Fehling et al. 2004 , and since upwelling supplies nutrients to the coastal regions, high concentrations of domoic acid would not necessarily be expected during upwelling. Trainer et al. (2009) found no consistent relationship between nutrient concentrations, or nutrient ratios, and domoic acid concentrations.
However, the greater likelihood of domoic acid in shellfish in Region A, where Pseudo-nitzschia spp. concentrations were not much different from other regions, suggests that nutrient stress may be a factor in this region. As discussed above, the Columbia River plume does contain nutrients and may act as a significant source at certain times of the year, but in general it contains lower nutrient concentrations than recently upwelled shelf water (Haertel et al. 1969 , Aguilar-Islas & Bruland 2006 and forms a surface layer in Regions A and B. The toxic Pseudo-nitzschia spp. may also be advected in from other areas, such as the Washington coast to the north. Trainer et al. (2002) emphasized the importance of the Juan de Fuca eddy for the initiation of toxic Pseudo-nitzschia spp. blooms off the Washington coast. It was hypothesized that the eddy acts as a 'bioreactor,' whereby blooms are maintained offshore in the eddy throughout the summer, then brought onshore by changes in the wind field associated with either episodic storm events, or the transition from summer upwelling to winter downwelling in September/October. Modeling studies (MacFadyen et al. 2005 ) and analyses of ocean color satellite data (Sackmann & Perry 2006) have both confirmed the importance of the Juan de Fuca eddy as a source of Washington shelf waters.
Domoic acid concentrations in all regions were most likely to lead to closures at the start of the summer bloom, or at the end of the upwelling season in autumn. The switch to downwelling would work in 2 ways to increase domoic acid concentrations in shellfish on the coast, firstly by decreasing nutrient supply to Pseudo-nitzschia spp., hence potentially stimulating toxin production, and secondly by bringing the toxic Pseudo-nitzschia spp. towards the coast. Thus a clear understanding of temporal and spatial patterns of upwelling is necessary for HAB studies and coastal management along the Oregon coast. At the start of the upwelling season and during the summer bloom, particularly north of Cape Blanco, winds are variable and switch frequently between upwelling and downwelling favorable. Monitoring of coastal winds, along with surface currents measured by high frequency radar (http://bragg.oce.orst.edu), could be used to predict or monitor onshore currents and give some warning to coastal managers of potential HAB events. In the near future, circulation models could be used to predict the trajectory of blooms 2 or more days into the future.
Saxitoxin concentrations did not show a significant response to the start of the summer bloom in any of the 5 regions. Increases in mean toxin concentrations were observed later in summer and early autumn, though still during the upwelling season. The highest proportions of samples leading to closures also occurred during the upwelling season, although closures due to saxitoxin were rarer than those due to domoic acid. Just as the summer bloom begins progressively later from south to north along the Oregon coast, so does the peak of saxitoxin concentration. This is consistent with a change in phytoplankton community structure, as suggested by the NH5 cell count sample analysis described above.
Phytoplankton of the genus Alexandrium form resting cysts that reside in the sediments (Anderson & Wall 1978) . These cysts germinate annually (Matrai et al. 2005 ) and provide a seed population for a bloom. Anderson et al. (2005b) found that light and higher temperatures enhanced germination of Alexandrium cysts, whereas Perez et al. (1998) found no correlation with temperature. Nishitani & Chew (1984) found that growth rates were increased above a threshold temperature of 13°C. Upwelling could be bringing germinated cysts, or cysts within the water column (Kirn et al. 2005) , to the surface and provide a source of Alexandrium spp. and hence saxitoxin along the Oregon coast. In 2006, sediment grab samples were collected by our group (Scott 2007) in 3 estuaries (Tillamook Bay, Region B; Yaquina Bay, Region C; Coos Bay, Region D) and from 3 open water transects (off Newport, Seal Rock, and Strawberry Hill, all Region C). Samples were processed according to Anderson et al. (1982) . Less than 10 cysts in total were found, compared to the hundreds cm -3 of sediment routinely observed in the Gulf of Maine (Anderson et al. 2005a,b) . Very few Alexandrium spp. cells have been observed within our small database of cell counts; however, the presence of saxitoxin in shellfish tissues suggests that our sampling may have been inadequate, or that the source of Alexandrium is outside of Oregon waters, perhaps to the north. Cox et al. (2008) found that sediment cyst concentrations were not always a good indicator of saxitoxin in shellfish. Alexandrium spp. cell abundances as low as 100 cells l -1 (Lassus et al. 1994) , which may be below the sensitivity of our cell counts, can potentially produce saxitoxin concentrations above detection limits.
The concentrations of domoic acid in shellfish samples decreased through the summer, and into winter and spring of the following year, indicative of slow depuration from tissues, rather than exposures to a new toxin source. Depuration rates of domoic acid and saxitoxin out of shellfish tissues vary with shellfish species (Bricelj & Shumway 1998) and toxin, and our work considers all sampled shellfish species as 1 data set. Although this may 'blur' the signal of individual toxic events, the grouping of all species accurately represents the spatial and temporal occurrence of toxins and the oceanographic conditions associated with toxicity, and the threat to human health. Interannual variability in shellfish toxin concentrations is also an important consideration. Future publications will quantify this variability and investigate individual events in more detail.
CONCLUSIONS
Region A, which contains the Columbia River plume, is a 'hotspot' for domoic acid. Concentrations of Pseudo-nitzschia spp. are higher during the summer upwelling season in this area than along the rest of the Oregon coast. Domoic acid concentrations in coastal shellfish are associated with downwelling transitions, which are characterized by shelf waters being brought to the coast and potentially experiencing nutrient stress at the end of a bloom. Although Alexandrium spp. were rarely seen at the coast during our short (3 yr) time series of phytoplankton counts, saxitoxin could be found in any month along the Oregon coast based on the longer (1979 to 2007) toxin database. Saxitoxin concentrations were highest during times of upwelling, particularly late summer.
These results provide a framework to guide sampling strategies for coastal managers. Region A is a high risk region for domoic acid in shellfish and should be a priority in shellfish sampling, particularly due to the large shellfish harvesting activities in that region. The start of summer upwelling, with associated springtime short relaxation and downwelling events, and the autumn downwelling transition are associated with increased domoic acid concentrations at the coast. Upwelling periods are associated with saxitoxin fisheries closures. These oceanographic events (summer phytoplankton bloom, transitions from upwelling to downwelling) are easily identifiable by satellites and in situ data products (such as upwelling from AVHRR SST images, available free from the CoastWatch West Coast Regional Node, http://coastwatch.pfeg.noaa. gov/coastwatch/CWBrowser.jsp). Regular sampling will be important in determining when fisheries can open again, as shellfish take time to depurate toxin from their tissues, and this may not be coincidental with changes in oceanic conditions. Grouping all toxin data into 5 regions has identified latitudinal gradients in physics, biology, and toxin events, but has removed details on where exactly within those regions closures occur, for example open coast or in estuaries. Further work may be able to pinpoint individual hotspot sites and specify detailed sequences of oceanographic conditions leading to closure events. Our ultimate goal is monitoring via satellite for potential events and providing early warning to coastal managers, rather than the general phenology of potentially toxic genera presented here. The relationships between phycotoxins and oceanographic conditions, observable by satellite, are fairly consistent between years, providing an additional tool to Oregon's coastal managers in planning sampling strategies and protecting public health. 
